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ELECTRONIC PROPERTIES AND CURRENT CARRYING CAPACITY -f).
OF HIGH-TEMPERATURE CERAMIC SUPERCONDUCTORS :)
v "
I'E. Jones. W.C. McGinnis. R.D. Boss, E.W. Jacobhs, ”
J.W. Schindler. and C.D. Rees v
Naval Ocean Systems Center o
San Dicgo. California )
} A,
) ABSTRACT N
Samples of both the YBarCu107 tamily of high-temperature ceramic superconductor and the layered set of bismuth-based o
superconductors, deseribed by the set of crystal structures BiaSraCay | CupOagages. were synthesized and characterized by x-ray \
dilfraction. and temperature-dependent ressstivity and thermoclectric-power measurements. Superconductivity i the yttrium-based y
. materials is relatively insensitive to rare-carth substitutions for the vitrium. Critical current measurements on these materials reveal
two characteristic critical current values. The intrinsic eritical current, determined by the suppression of the transition midpoint. is
) estimated to be greater than 104 A ¢m? at 77 K. The critical current defined by the R = 0 point is much less in bulk ceramies and -i
N - limited by interervstalline weak links. For the hismuth-based materials, two high-temperature superconducting phases have heen "
B ohserved with transition temperatures near 8¢ K and 110 K. Evidence rom thermoelectric power measurements is presented which ,-J‘
: shows that both clectronlike and holelike carriers contribute to the clectrical transport in this family of ceramic superconductors, -$
b However. all of the superconducting transitions observed involve holelike states. ;J'
+
INTRODUCTION ks
.‘
The report by Bednorz and Millert of superconductivity above 30 K in LayCuQy4 doped with barium or strontium has led ‘!'
superconductivity rescarch into new dircctions. After having reached a mature level with Al5 phase matenials with superconducting ":
transitions up to 23.K. interest in this ficld waned due to the extreme crvogenic environment required to achieve the superconducting l:.
state. Within a few months of the 30 K report, vet another high-temperature superconductor was unnounccd with a superconducting 0
critical temperature, T, above 90 K. 2 This material, shortly thercafter identified as Yde(‘u1O7 superconducted well above the Q
temperature of liquid nitrogen. 77 K. The 30 K lanthanum matcrial forms in the perovskitclike KyNiFg crystal structure.® Numerous ]
other materials are known to exist in this structure. Most are insulating and nonc were previcusly found to be superconducting. The N
90 K yttrium superconductor, however, has an entirely new crystal structure not previously scen in nature. One striking feature of both .;
the 30 K lanthanum and 90 K vttrium matcrials are planes of copper and oxvgen (Cu-0). [n addition. the yttrium matcrial has a Jn
unique feature - chains of copper and oxvgen - in one direction in the orthochombically distorted basal planc.5 Some rescarchers have et
ascribed some significance to the Cu-O chain structure as being important for high-temperature superconductivity. “v'
(]

—re_»

Most ap, fhca!iom of superconductivity requise the ability 1o carry a large amount of current. Current densities on the order of
105. 106 A cmZ, are desired for most applications. both in microclectronics and large-scale high-current high-power applications such
as the generation of large magnetic fic'ds and cnergy storage. This paper reports preliminary measurements of the current carrying
capacity of bulk ceramics in these two families of materials using pulsed transport techniques.

K

AN X

The discovery of superconductivity above 90 K has spurred intense theoretical interest in the possible mechanisms responsible. :
In conventional superconductors. studied since the original discovery of superconductivity in 19118 phonons (lattice vibrations)
provide a net attractive interaction among conduction clectrons in a narrow range of encrgy near the Fermi surface. This attractive

interaction allows clectron pairs to form and results in a macroscopic yuantum state. One conscquence of this lower energy condensed ‘ .
statc is rero resistance. There are many other propertics of superconductors besides zero resistanee.” The formal explanation of super- ch
conductivity. from a microscopic quantum-mechanical point of view, was due to the Bardeen, Cooper. and Schrielfer (RCS) theory. v
published tn 1957, for which they were later awarded the Nobel Prize. Although numerous other mechanisms ol superconductivity g
have been suggested over the years. the BCS theory based on the electron-phonon interaction, is the only one accepted as valid. No K
material has yet been found in which superconductivity can be attributed to any other mechanism. However, the very high critical -
temperatures routincly achieved today with the new ceramics has led theorists to question the applicability ol the old theory and to "N
offer alternatives.® {
g
Less than a year after the discovery of 90 K superconductivity, two new families of materials have been discovered based on :-‘.'
bismuth®10 and thattium. 1112 These new discoveries created a great interest in the clectronic states of the materials and, in particular, 5,‘

»
v
¥
b

‘l

)

-
Y
w

"

)

Y

-

[

the charge transfer to and from the Cu-O plaics vis-u-vis the Y BasCu307 family. With no Cu-0 chains in the bismuath and thallium
materials.! 3 the role of the Bi-O and TI-O planes is being investigated. One technigue described in this paper involves the measurement
of the absolute thermociectric power (thermopower) versus temperature, The thermopower ol a material generally vields the sign of the
dominant charge carricr and. as in Hall effect measurements. distinguishes between clectron (n-type carriers) and hole (p-type carriers)
conduction. In the first high-temperature superconductors, (La.Sr)aCuO4 and YBa2Cu307. both the normal state conductivity and the
superconductivity have been shown to be due to holelike states. 1415 In the lanthanum material. doping with a divalent clement,
barium or strontium. in place of the trivalent Janthanum. effectively removes electrons from the Cu-O plancs Icaving conducting holes.
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Also. x-ray photoemission .spcclm.wup_\'lb-” shows that doping creates holes in the Cu-O planes. However, in the heavily doped
lanthanum material (25-percent strontium replacement), evidence from thermocelectric power measurements extended above room
temperature have been reported which suggest that there is alyo a contetbution to the normal conductvity from electrons. |8 In the
vitnum matenal, empirical atom-atom potential caleulations 19 extended Huckel molecular orbital caleutations. 20 and bond-valence
calculations=! imply clectron transter from the Cu-O planes to the Cu-O channs. In addition, the results of substitutional studies with
7inc and gallium by Xiau ct al.22 show that it is the Cu-0 planes which are important for superconductivity, rather than the Cu-O
chains, in YBuasCuzy09.

In the bismuth family of matenals, one could argue that electrons might be transterred from the Bi-O planes to the Cu-O planes
Because bismuth presumably goes into the material in the valence +3 state, partial conversion to bismuth +5 would require hole states
on the bismuth planes and electron states on the Cu-O planes. If such electron transier occurs and the charge carriers in these maternialy
resid2 on the Cu-O planes (as in the other copper-oxide superconductors), then conduction would be due to n-type electronic states.
This would be yuite different than in the other copper oxide high-temperature superconducting ceramics, where the superconductivity
comes trom paired hole states. On the other hand. band structure caleulations of Hybertsen and Matthess indicate that the Bi-O
planes in effeet dope the Cu-O planes with additional holes (1.e.. that electrons are transterred trom the Cu-O planes to the B1-O
planes) 23 Assuming these band-structure calculations are correct. there may be an n-type contribution to the conductivity trom the
Bi-O planes, but the superconductivity would be due to the pairing of holes in the Cu-O planes as observed 1n all other copper-oxide
superconducting ceramics to date.

For the new class of bismuth-based materials descnibed by the formula BiaSraCap 1 CupOopeg+. one would like to know the
origin of the charge carriers, whether they are clectrons or holes. and which carriers condense into the superconducting phases at high
temperature. The results of thermoelectric power measurements on several samples in the bismuth family are presented which will
provide answers to some ol these questions.

EXPERIMENTAL TECHNIQUES

All samples were prepared by solid-state reaction of the constituent oxides and, or carbonates. High-purity fine powders ot the
starting materials (obtained from Aesar), were mixed in the desired molar ratio. placed in porcefain or alumina crucibles, and calcined
(heated in a furnace to reduce any of the carbonates to oxides) for several hours. The sumples were then ground with a mortar and
pestle to a fine powder The calcining; grinding procedure was repeated more than once for some samples. At the end of the calcining
cyclets). the samples were ground to a powder and pressed into smail pellets at a pressure of several thousand pounds per square inch.
The pellets were placed on alumina disks for the final processing cycle in the furnace. The furnace atmosphere, either oxygen or air. as
well as the temperature settings and cycle times used, were sample dependent. These and other details of sample preparation are
described in the next section.

The clectrical resistance R of the samples was measured with samil de currents (typically 10 mA) using a four-probe technigue to
climinate the effects of contact resistance. Wires were soldered to the samples with indium. The sample voltage was taken to be the
average of the difference in values obtained for plus and minus currents. In this way, the contribution of small, unavoidable thermo-
electric voltages is cancelled out. These voltages arise from junctions between two different matenals in the measuring circuit in the
presence of a temperature gradient. They exist even at zero current, and do not change when the current is switched. This precaution 1s
particularly important when the samples are superconducting. With no switching of the current, a sample with R = O will otherwise
appear to have a small, non-zero resistance (the parasitic thermoclectric voltage divided by the current).

The resistance measurements, as well as the critical current measurements described below, were performed with the samples in
good thermal contact with a copper stage on the cold-head of a closed-cycle He<d refrigerator. In some cases, the temperature-
dependent sample resistance was measured with the sample mounted on a copper sample stage which could be cooled to 77 K by
dipping in liquid nitrogen. This *dip probe” was then withdrawn from the liquid and allowed to slowly warm to room temperature. In
either case, the stage (sample) temperature was monitored with a calibrated silicon diode.

For a given temperature below T, a superconductor will huve zero resistance only for current densities less than the so-called
critical current density, J(T). As indicated. J is temperature dependent, being smallest when the sample s near its eritical tempera-
ture. and increases as the temperature is lowered. The method used here for messuning the critical current density is a variation on the
de. four-probe technique used to measure the sample resistance. In both cases, a given current |is applied to the sample, and the
sample voltage V (related to the sample resistance by Ohm's law V = IR} is measured as the sample slowly warms through the super-
conducting transition. Direct measurement of the cnitical cusrent +f bulk samples wsually requires substantially larger currents than
would be used in a simple resistance measurement. This fact introduces two complications which diciate some changes in the expen-
mental arrangement: sample heating and equipment imitations on the maximum available current.

Sirce *he vuantity of interest is the critical current densiry. the secrnd probiem can be vt ey by reducing the saimple cross
section to as small an arca as physically possible. This was accomplished by cutting a slot between the current (and voltage) contacts on
the sample, leaving a small bridge between the two sides of the »umple.z“ This bridge forms a “weak hink™ with respect to the sample’s
current carrving capability.
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Ohmic heating of the sample by the applied current can rase the sample temperature with respect to that ol the measuring :: y
thermometer (the diode attached to the sumple stage). Since J decreases with increasing temperature, this eftect results i a critical ,-:
current densaty that is smaller than the value that would be measured if the sample were at the same temperature as the thermometer. Ly
The highest resistance (and. therefore, the greatest souree of heat) 15 usually at the point ol contact between the current-carrying wires )
and the sample. Thus, sample heating can be reduced by making the contact resistance as small as possible. Total contact resistances ! N
on the order of 75 to 100 mf} were achicved by applying silver paint (Dupont 4949™) to the samples and heating to a temperature of ,'(i
about 850 C.25 'y
¢
Another way to avoid sample heating 1s 1o reduce the amount of nme that current 1s actually lowing in the sample. A pulsed 3
technique, which employs low-frequency current pulses applied at a low duty cycle, is illustrated schematically in Figo 1A box-car Y
averager measures the sample voltage by performung a weighted average over 25 10 50 pulses, giving a better signal-to-noise ratio than
is possible with single pulse measurements. The duty eycle (pulse width divided by the time between pulses) was chosen such that ﬁ"
doubling the pulse width gave no measurcable change in the resistance versus temperature characteristics of the sample. ,
J
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Another way in which the samples were characterized was by measurement of their absolute thermoelectric power. To measure

the thermopower, a temperature gradient AT is produced across an clectrically isolated sample giving rise to a thermoelectric voltage N
AV across the sample. The thermoelectric power S (or Seebeck coefficient) is given by AV, AT (as AT — 0). The thermopower data <y
reported below were obtained using a slow ac differennial xschniquc.zf’ A small, slowly oscillating thermal gradient was produced by ::\ )
alternately heating two parallel quartz blocks which were bridged by the samples. A detailed description of the procedure can be found )
clsewhere.27 The temperature difference AT between the blocks (that is, the temperature drap across the samples) was measured using ——-__—d-:?_

"
v

a copper. constantan; copper differential thermocouple. The whole apparatus was mounted in a closed-cycle refrigerator in such a way T
that the thermopower and lour-probe resistance of the samples could be measured during a single experimental run. Copper wires were

5

used to measure the voltage difference AV across the sample. The ratio AV AT is then equal to the sumpie thermopower minus the Y
thermopower of the copper voltage leads. The temperature-dependent thermopower ol the copper voltage leads is, therefore, required N e
in order to obtain the samples’ absolute thermopower. For temperatures below the superconducting transition of a sample. the sample M LN

thermaepower is zcro. T tact cnabied direct measurement ot the voltage tead thermopower up to s temperaiaie. Above e ; g';
transition, literaturc values ol'SCu,28 corrected by the new thermopower scale of Roberts, 29 were used. o \‘_,. s

. vt e L

EXPERIMENTAL RESULTS e
. - . . . B . W \
A number of samples of the YBaaCu3O7 family of high-temperature superconductors have been prepared. This class of ) "
superconductor was typicully calcined in air at about 925 10 930°C. After pressing inta pellets, they were placed in a furnace in lowing R s‘.
oxygen, sintered at 930 to 955°C for several hours, annealled at about 500°C for a few hours, and slowly cooled 1o 200°C. (R ‘.‘u
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Frgure 2 shows plots ol resistance (narmalized to that at room temperature) versus temperature for the vitnium-based material,
as well as for several of the rarc-carth substituted analogs. They all exhibit sharp superconducting transitions between 91 and 95 K.,
indicating that the particular clement R used in the RBayCuyO7 structure plays no significant role in the superconductivity.

The temperature dependence of the thermopower and resistivity of another YBasCuzO7 sample is presented in Fig. 3. Both sets
of data show the superconducting transition at 94°K. The thermopower is positive above this temperature. indicating holelike carriers.

Figure 4 Hlustrates the cffect of increasing current density on the resistive transition of a third Y BapCu307 sample. As seen in
the figure. the temperature at which the biggest drop in resistance occurs changes very little as the current density is increased from 0 75
t0 429 A ¢cm?Z The main effect is the development of @ “tall™ or *foot™ in which the R = 0 pownt is pushed to successively lower tem-
peratures with increasing current. The dual characteristic of the transitior is likely due to the granular nature of this ceramic material
Th= sample consists of Josephson-coupied superconducting grains separated by grain boundaries or even non-superconducting. ott-
stoichiometry material. The large resistance drop can be associated with the superconducting transition wathin the individual prams.
The sampie does not go completely superconducting, however. until the temperature is low enough tor Josephson tunncling between
these superconducting grains. The temperature dependence of the R = 0 critical current density for this sample 1s shown in Fig. Sa. and
can be interpreted in terms of the above tunneling model. 30 Figure 5b 1s described below.

Samples of the bismuth family of supcrconductors with vanous starting compositions and heat treatments have also been
prepared and characterized. They were typrcally calcined in air at 860°C. ground. and piessed into pellets. The pellets were heated.
again in air, at temperatures between 860 and RR0°C for peniods of time ranging {from 65 to 158 hours. and slowly cooled to 200°C.

The resistive transitions for four of these samples are shown in Fig. 6. The presence ol two distinet superconducting phases. with
transition temperatures near 80 K and 110 K, s suggested by these plots. This is particularly truc in the 4-3-3-6 sample (small dashes).
which must contain substantial amounts of both phases.

Resistivi'y and thermopower data from another presumably mixed-phase bismuth-based sample arc shown in Fig. 7. The two
transitions are clearly seen in both propertics. These data. and the resistivity data of Fig. 6, support the conclusion that these samples
have the composition BisSraCap {CupOgp44+6 With a mixture of the n = 2 and n = 3 phases, corresponding to the 80 K and 110 K
transitions, respectively  Like the YBayCu309 material. holes appear to be the dominant carrier, at least up to room temperature.

Critical current measurements on one of the low T bismuth-based samples were also made. and the temperature dependence of
the R = 0 I¢ is plotted in Fig. 5h. The difference in the exponents of the critical current density for the yttrium and bismuth materials is
presently being investigated.

1.0
=y,
7,
s
s/
”~ 27
0.75 { //I //
w el
g Vi ’,’//
5 7
@ Ny
Z oso | {
o © i
(8]
: v
E |
!
L1
0.25 l
.
U
00 FPUEFU S ll PUNPRIT S NP U G G VI S ST GNP U U ST Uy
50 100 150 200 250 300

TEMPERATURE (K)

Fig. 2. Reduced Resistance Versus Temperature for
RBayCuy07. for R = Y (Solid Line). Gd (Large
Dashes). Dy (Small Dashes). Ho (Line with One
Dash). and Yb (Line with Two Dashes).

- -

T Cn T et -.-*.-.\- A .
" N" o m&ﬁjx.a..mf.m e

I

'

3-

75

P

& xa

rass

el

s

[N

TR W
e ’I h

Al Roind

v -
s
CX -

'

......
X

n\;:;J. ";

PO
y I.I-J.

v
L S 5

-
<,
oL



O L,
'\'?'I':.l‘n

1% 0%
‘i .' .. .ﬁh‘ )

R AR

THERMOPOWER (uV/K)

RI(T) /R (100K)

.

5 3
(o]
4 } ’O_/’OVOIQ%
o0
-- . O,O'O'U a®
{2 _
~ g
3T 3
£
>
- =
2
=
2 r wn
@
4 c‘:‘c"
1 b
|
0 Lomeeetad , . .. . NN '
50 100 150 200 250 300
TEMPERATURE (K)
Fig. 3. Thermocelectric Power (O) and Resistivity (A) for a
Sample of YBasCurO7.
1.2
10 ¢
08 p
06}
04 L
- 0.75 Alem?
95 100

5 )

»

T{K)

Fig. 4. Normalized Resistance, R(T) R(100 K). Versus
Temperature for a Sample of YBayCuyOy
Mcasured with Different Current Densities,

AR LTRTETETR A m - oW " AL ey ~ -0
R R R S AR IR AR R RS

0 L) 0 -

L J
3.

- U
<y
 Bhd

VP
544 \,'-
‘L q

SACN A A g
NREI Y aal)
GO Aty Ny



vy TR

ngz [lA/cmz)m]

nga [(A/cmz)zm]

A Iuv st ae eV RAT Qv Sau gad QaY SaV GaY 20V ga¥ $a% (a0 ot fat Gat ¥

8000
6000 |
(a}
4000
2000 F
0 A A 1 e 1 A e 1 " 1 F—
20 40 60 80 100
TEMPERATURE (K}
Fig. S. (@) Crivical Current Density J¢ to the 3 2 Power
Versus Temperature at which R =0 tor a Sampi: of
YBarCuy09.
b)
20 40 60 30 100

TEMPERATURE (K)

Fig. 5. (b) Cruical Current Density J¢ to the 2 3 Power
Versus Temperature at which R = 0 for a Sample of
B13SraCaCurOy

.\J\'.\"»;' \':\"'."\. ‘a7

»
]

TY %
s

N
’

o
. _&

A

%
o

*
n

L

r
=S

IR

1
v

.
v %

AT
fr"r

23
¥

h g e s &y 1
2 s s{s{&{s’\ ¥

g

® St

L3
)". oA

S %Y
N

&

PRI

('-

7 AT X
2% %
;'..{‘f."/ -




L T - ~p
vl S O T

a
3F
€
¢
,E
E o2t
2
-
wn
P
w
@
1
0 L. ‘LLL/ [P T P SR | —
4] 50 100 150 200 250 300
TEMPERATURE ({K)
Fig. 6. Resistivity Versus Temperature for Four Bismuth-
Based Superconductors of Nominal Bi:Sr:Ca:Cu
Composition 4-3-3-6 (Solid Linc), 4-3-3-6 (Small
Dashes). 2-2-2-3 (Large Dashes). and 2-2-1-2 (Line
with Onc Dash).
10 4
¥ E
> ?
2 oy
@ E
H >
g =
o) =
g 5
w w
¢ i
< " L PPN s
0 50 100 150 200 250 300
TEMPERATURE (K}
Fig. 7. Thermoelectric Power (O) and Resistivity (3) for a
Bi-Sr-Ca-Cu-0 Sample of Nominal Compasition 4-
336 Which Shows Both High-Temperature
Transitions Seen i This Syvstem,
7
’— - - » '¢ -"*' I“'J 14 - I'I "'f wn .”l"l
N G e e e D i e A

~

3

'.\

B T O Y

2.3 %

1
3

,
T s
13

v e,
"C'
U .
't ‘;“': .

e
R

)



R Bt

CONCLUSTONS

The results of eritical current measurements on Y BasCu3O7 show that one can speak of two erineal currents in these materials
One. (hg intrinsic criteal current. determined by the midpoint of the transitton s estimated by extrapolation to he greater than 10%
A ¢m2 at 77 K- On the other hand. the weak-hnk cntical current. as measured by the poimt ol zero resistance appears (o be limited by

mtererystalling boundanes and or nonsuperconducting reglons i the materwl. Since thin, oriented tilms have demonstrated large

intrinsic entical currents, the current carry g capacity of these ceranties can be large The technological ssue s whether these matesils

¢an be produced in bulk ceramic form i such a way as to elimmate the weak links.

Additlonally, we have presented conclusive evidence that the two high-temperature superconductive transitions, near 80 K and

110 K. in the BiaSraCapy [ CupOspeges tamily of superconductors are duc to holelike states. us s the case with all ather high-

temperature copper-oxide superconductors discovered to date. The p-type carrters most hikely arise rom electron charue transterred
trom the Cu-O planes to the Bi-O interplunar regions. perhaps to extra oxygen sites which are partially occupied. Further. even though

holes dominate the clectrical transport, we have presented cvidence that clectrons, as well as holes, contribute to the normal state
conductivity in thiy new class ol favered matenals.
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